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Abstract Metal catecholate frameworks, based on
2,3,6,7,10,11-hexahydroxytriphenylene and bivalent metal
ions (Ni2?, Cu2?, Zn2?, Mg2?, Ca2?, Sr2? and Ba2?) were
synthesized, characterized with powder X-ray diffraction
and N2 physisorption, and evaluated as catalysts in Kno-
evenagel condensation and Michael addition reactions. The
large number of catecholate oxygen atoms in these mate-
rials resulted in a high catalytic activity which was shown
to be a function of both the porosity of the material and the
electronegativity of the metal ion.
Keywords Basic catalysis  Metal-catecholate
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1 Introduction
In the field of MOF catalysis, MOFs with basic sites
incorporated in the lattice would typically be expected to
be structures built up using N-functionalized linker mole-
cules [1–4]. Recent findings however have shown that this
does not necessarily need to be the case. In MOFs featuring
structural nitrate anions for example, these anions can be
selectively decomposed to basic sites which can readily be
used for catalysis [5]. Unfortunately, the number of
stable structures featuring such structural nitrate anions is
scarce, making this strategy less universally applicable. By
analogy to the use of N-functionalized linker molecules,
the use of linkers with specific functional groups that could
more easily be introduced in MOF lattices would therefore
present a more elegant approach. An example of such a
specific functional group is found in MOFs of the MOF-74
type. It was shown that both the carboxylate oxygen atoms
and the phenolate oxygen atoms in these MOFs possess an
intrinsic basicity [6]. The basicity of the phenolate oxygen
atoms is however stronger than that of carboxylate atoms
due to the higher pKa of the phenol group and the lower
pKb of the corresponding conjugate base. This allowed the
MOF-74 type MOFs to perform well as catalysts in base
catalyzed reactions such as Knoevenagel condensation and
Michael addition reactions. Similarly, phenolate groups
were also recently found to introduce basic sites in a solid
Zr-HBA catalyst (HBA = 4-hydroxybenzoic acid) which
showed catalytic activity in the transfer hydrogenation of
ethyl levulinate to c-valerolactone [7].
A strategy to improve the catalytic activity of the MOF-
74 type materials would therefore be to look into materials
which possess phenolate oxygen atoms in large numbers.
Extended metal-catecholate frameworks or M-CATs are
such materials (Fig. 1a). These materials, reported by
Hmadeh et al. [8, 9], consist of bivalent metal ions M2?
(M2? = Ni2?, Cu2? or Co2?) interconnected by the linker
molecule 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP).
The material is a stacked structure consisting of two
alternating layers in which the linker, HHTP, is present in
different oxidation states. The first layer is an extended
honeycomb structure with hexagonal pores in which the
metal ions are coordinated to two adjacent fully deproto-
nated HHTP linkers (Fig. 1b). Two additional water
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ligands complete the octahedral coordination sphere of the
metal ions. In this continuous layer, the formal charge of
the redox-active HHTP linker is -3, corresponding to the
semiquinonate form for each of the three catecholate rings.
The overall structure formula of this type of layer is
M3(HHTP)2(H2O)6. In the second layer, only one linker
molecule, as well as four water ligands, coordinate the
metal ion (Fig. 1c). The charge of HHTP in these discrete
M3(HHTP)(H2O)12 complexes is -6. The two types of
layers are stacked in an eclipsed fashion with the HHTP
molecules in each layer rotated 60 with respect to each
other (Fig. 1a, d). The layers are held together by two types
of non-covalent interactions: hydrogen bond interactions
between the axial water ligands of the discrete units and the
oxygen atoms of the HHTP in the adjacent continuous
layers, as well as p–p interactions between the large con-
jugated aromatic ring structures of the linker molecules.
The overall stacked structure exhibits one-dimensional
pores with a diameter of approximately 12 A˚.
The present study focusses on the use of these M-CATs
as catalysts for base catalyzed reactions; it thus assesses the
wider applicability of deprotonated hydroxyl functionali-
ties in MOFs as basic sites, beyond MOFs of the MOF-74
type. For the already reported materials Ni- and Cu-CAT,
their catalytic activity in Knoevenagel condensation and
Michael addition reactions is evaluated; new M-CATs are
synthesized with Mg2?, Ca2?, Sr2?, Ba2? and Zn2? as the
metal ion to investigate the influence of the metal ion on
the catalytic activity of the materials.
2 Materials and Methods
2.1 Materials
Magnesium ethoxide and malononitrile were purchased
from Fluka; barium nitrate, sodium tert-butoxide and
benzaldehyde from Acros; toluene from VWR; ethyl
cyanoacetate from Aldrich; copper(II) acetylacetonate and
methyl vinyl ketone from Sigma-Aldrich; nickel acetate
tetrahydrate from Janssen Chimica, calcium ethoxide and
zinc acetylacetonate from ABCR; strontium nitrate from
UCB and 2,3,6,7,10,11-hexahydroxytriphenylene from
TCI. All chemicals were of the highest grade available and
were used without further purification.
Fig. 1 Structure of M-CATs. View along the c axis of the entire structure a, of the continuous layer b and of the discrete units layer c. View of
the stacked layers along the a axis d. Blue polyhedra, red, grey and white represent the metal ion M2?, oxygen, carbon and hydrogen respectively
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2.2 M-CAT Synthesis
Synthesis procedures for the M-CATs were based on a
scaled up version of the procedure reported by Hmadeh
et al. [8]. In each case, 350 mg of HHTP (1.08 mmol) and
two equivalents of the metal salt (nickel acetate, zinc
acetylacetonate or copper(II) acetylacetonate) were added
to 200 ml of water in a glass Schott flask. The mixtures
were sonicated for 20 min and placed overnight in an oven
at 85 C. The M-CATs were then removed from the syn-
thesis solution via centrifugation, washed three times with
water and three times with acetone, and dried in air.
PXRD screening of synthesis conditions using different
alkaline earth metal salts showed that the best results were
obtained using magnesium and calcium ethoxide salts.
Nitrate salts were used for barium and strontium, combined
with the addition of sodium tert-butoxide (six equivalents)
to the synthesis mixture.
Prior to their use as catalyst, the materials were vacuum
pretreated overnight at 85 C to remove all the residual
solvent molecules from the structure.
2.3 M-CAT Characterization
The crystallinity and structure of the synthesized materials
were confirmed via powder X-ray diffraction (PXRD).
Reflection patterns were recorded on a STOE STADI MP
in Bragg–Brentano mode (2h–h geometry; Cu Ka1,
1.54060 A˚) using a linear position-sensitive detector.
N2 sorption measurements were performed on a
Micromeritics 3Flex surface analyzer at 77 K. Prior to
measurements, the samples were activated under vacuum at
85 C.
Scanning electron microscopy micrographs were recor-
ded using a Philips XL30 FEG after coating with Au,
coupled with energy-dispersive X-ray spectroscopy (EDX)
at 15 kV.
Fourier transform infrared spectra (FTIR) of the mate-
rials were recorded using Varian 670 FTIR Imaging
microscope equipped with a Ge Slide-on ATR module.
Thermogravimetric analyses of the materials were per-
formed using a TA Instruments Q500 thermogravimetric
analyzer. Experiments were conducted under O2-flow with
a linear heating ramp of 5 C/min.
2.4 Catalytic Testing
In a typical reaction, 1 mmol of each reactant was dis-
solved in 2 ml of toluene. The mixture was added to 25 mg
of activated catalyst. The reaction mixture was heated to
70 C and aliquots of sample were removed for analysis at
set intervals. The identity of the reaction products was
verified by GC–MS (Agilent 6890 gas chromatograph,
equipped with a HP-5MS column, coupled to a 5973 MSD
mass spectrometer) and the product yields were determined
via GC-analysis.
3 Results and Discussion
3.1 Material Synthesis and Characterization
The Ni-CAT material was synthesized according to a
scaled up variant of the literature procedure; the synthesis
of the Cu-CAT deviated from this procedure as another
metal source was used, i.e. copper(II) acetylacetonate
rather than copper(II) trifluoroacetylacetonate. Similarly,
zinc acetylacetonate was used as the metal source for the
synthesis of Zn-CAT. The formation of the correct mate-
rials was confirmed via powder X-ray diffraction (PXRD,
Fig. 2). Electron micrographs (Fig. S1, Supporting infor-
mation) show that the Zn-CAT particles have a needle
shaped morphology, analogous to that of the reported Ni-
CAT material.
Different metal salts, with different anions, were
screened in attempts to synthesize the alkaline earth metal
CATs. The best results were obtained when using metal
Fig. 2 PXRD patterns for the M-CAT materials and the pure HHTP
linker
Top Catal (2016) 59:1757–1764 1759
123
alkoxides as a metal source. Both Mg- and Ca-CAT were
synthesized using their ethoxide salt, and Sr- and Ba-CAT
could be synthesized using their nitrate salt and adding
sodium tert-butoxide to the synthesis mixture. The pres-
ence of these alkoxides in the synthesis mixture could have
two effects. Firstly, the alkoxides increase the pH and
facilitate the deprotonation of the HHTP linker molecule.
Secondly, it is known that increasing the pH of a mixture
containing catechol compounds increases the rate of
semiquinonate formation, which is in fact an oxidative
process using air as the oxidant [10]. In this way, the
increased pH could facilitate the formation of the contin-
uous layers in the M-CAT structure. PXRD confirmed the
formation of the correct phases. For all divalent cations
used, the intense first reflection at 4.7 2h confirms that the
arrangement of the linkers and layers is similar as in the
hexagonal structure of the Ni-CAT material; the charac-
teristic d-spacing derived from the 100 reflection is
1.88 nm for Ni-CAT (Fig. 2). Electron microscopy of Ca-
and Ba-CAT (Fig. S1) shows that the particles again have a
needle shaped morphology, yet for Ca-CAT, the aspect
ratio of the needles is considerably lower and the particle
sizes are much less uniform.
The extent of linker deprotonation was evaluated with
FTIR for Sr-, Ba- and Zn-CAT (Fig. S2). The FTIR
spectrum of the parent HHTP linker shows absorption
bands at 3456 and 1270 cm-1 which correspond to O–H
and Ar–O stretch vibrations respectively. These absorption
bands are absent in the spectra of the M-CAT materials,
confirming the deprotonation of the linker molecules.
The porosity of the materials was evaluated using
nitrogen physisorption at 77 K (Table 1, Fig. S3 & S4).
The BET surface areas for the different materials show
large variations, beyond those that are to be expected due
to the different atomic weights of the metal ions. The value
of 413 m2/g measured for Ni-CAT (Table 1, entry 5) cor-
responds well with the reported value of 425 m2/g [8]. The
rather low value of 78 m2/g for Cu-CAT (entry 6) can
unfortunately not be compared to literature as no value was
reported by Hmadeh et al. An intermediate value was
recorded for the Zn-CAT material (entry 7). A broad
variation of the surface areas was also observed for the
alkaline earth metal CATs. Interestingly, the lightest metal
ions, i.e. Mg2? and Ca2? (entries 1 & 2), show the lowest
surface areas of the complete M-CAT series, whereas the
highest surface area, 447 m2/g, was observed for the Sr-
CAT (entry 3). In view of the monodimensional pore
system of these materials, it is obvious that even a minor
amount of stacking errors or fault planes can strongly affect
the accessible pore volumes.
To assess whether these strong differences in surface
area, measured using N2-physisorption, could influence the
activity of the materials, a liquid phase adsorption experi-
ment of benzaldehyde in heptane was conducted using both
the high surface area Sr-CAT and the low surface area Ca-
CAT (Fig. 3). The much larger adsorption capacity of Sr-
CAT compared to that of Ca-CAT reflects the differences
observed in the N2-physisorption measurement and indi-
cates that the M-CATs featuring a large surface area indeed
feature a more open pore structure with a higher number of
accessible active sites. When comparing the catalytic
activities for these materials, the large differences in sur-
face areas should therefore be kept in mind.
3.2 Catalytic Testing
The catalytic activity of the different M-CATs was evalu-
ated using three different reactions. The first two reactions
are Knoevenagel condensation reactions in which
malononitrile (MN) and ethyl cyanoacetate (ECA) are
coupled to benzaldehyde (BA) and water is expelled. The
results for these reactions are summarized in Table 2.
There are marked differences in the catalytic activities
observed for the different metal ions. For the condensation
of BA and MN, after 2 h an increasing activity is observed
Table 1 BET surface areas for the different M-CAT materials
M BET surface area (m2/g)
1 Mg 52
2 Ca 63
3 Sr 447
4 Ba 119
5 Ni 413
6 Cu 78
7 Zn 292
Fig. 3 Single compound adsorption for benzaldehyde on Sr- and Ca-
CAT measured out of heptane in batch mode at 298 K: uptake (wt%)
as a function of equilibrium phase concentration
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for Mg & Ca\Zn & Ba\ Sr\Ni & Cu. After 24 h,
the observed differences are less clear, yet the Ba- (84 %)
and Ni-CAT (90 %) (Table 2 entries 4–6) give the highest
conversions. Increasing the reaction time to 48 h further
increases the conversion to 93 and 94 % for Ba- and Ni-
CAT respectively. For the condensation of BA and ECA,
the observed conversions are markedly lower than for the
reaction with MN. This is likely due to the lower acidity of
ECA, with a pKa of 13.1 in DMSO, compared to MN
which has a pKa of 11.1 in DMSO. The differences in
catalytic activity of the different M-CATs in this reaction
are much less pronounced, with only the Ni-variant
standing out after 2 h of reaction with a BA conversion of
9 % (entry 5). After 24 h, the conversions observed for Ba-
CAT (23 %) and Cu-CAT (22 %) surpass these of Ni-CAT
(14 %). Overall, activity for the M-CATs, based on the
conversion after 24 h of reaction, appears to increase in the
series Ca & Mg\Zn\Ni & Sr\Cu & Ba.
Although the activity series appears to be quite random
at first glance, the data are much better understood when
discriminating between the transition metal ions Ni2? and
Cu2?, and the non-transition metal ions Mg2?, Ca2?, Sr2?,
Ba2? and Zn2?. The rationale behind this discrimination is
the fact that the d-orbitals of the transition metal ions may
contribute in the bonding of e.g. reactant molecules or
reaction intermediates, whereas the alkaline earth and Zn2?
ions are expected to interact solely via r-donation from the
ligand to the metal ion.
When focusing on the non-transition metal ions, the
following activity series are observed after 2 h of reaction:
Mg2? & Ca2?\Zn2? & Ba2?\ Sr2? for MN ? BA
and Mg2? & Ca2?\Zn2? & Ba2?\ Sr2? for ECA ?
BA (Mg2? & Ca2?\Zn2?\Sr2?\Ba2? after 24 h of
reaction). It appears that the specific surface area of the
different M-CATs is an important determining factor for
their catalytic activity. The low surface area materials,
Mg- and Ca-CAT, are indeed consistently the weakest
catalysts. This however is not the only factor at play. The
catalytic activity of Ba-CAT in the Knoevenagel conden-
sation reactions is for example equal to or greater than that
of Zn-CAT, which is contradictory to the expectations
based on the specific surface areas. A likely explanation for
this observation may be found in the electronegativities of
the different metal ions and their impact on the basicity of
the materials, similar as for base catalytic activities of
alkaline earth metal oxides [11]. As the catecholate linker
coordinates to the metal ion, part of the electron density of
the basic deprotonated hydroxyl oxygen atoms will be
transferred to the metal ions, effectively decreasing the
basicity of these sites. As the electronegativity of the metal
ion gets lower, less electron density is expected to be
transferred to the metal ion and more negative charge will
remain on the basic oxygen site. Use of a less elec-
tronegative metal ion should therefore result in a more
basic material. The electronegativities for the different
metal ions used in this work are listed in Table 3 [12–14].
Ranking the different metal ions based on their absolute
electronegativities, i.e. Mg2?[Ca2?[Zn2?[ Sr2?[
Ba2? (or Zn2?[Mg2?[Ca2?[Sr2?[Ba2? in the
case of Sanderson electronegativities) indeed yields a
similar yet inverse trend to that observed in catalytic activi-
ties for the Knoevenagel condensation reactions. Addition-
ally, calculation of the partial charges on the catecholate
oxygen atoms in the material using Sanderson electronega-
tivities and the principle of electronegativity equalization
[14, 15], indeed shows a more negative charge for the
materials built up with low electronegative metal ions such as
Ba2? of Sr2?. Furthermore, these calculations show that the
partial charges on the catecholate oxygen atoms are sys-
tematically larger for the layers consisting of discrete units
compared to the continuous layers. This can be attributed to
the higher oxidation state, hence lower electron density, of
Table 2 Conversion
(X) measured after 2 and 24 h of
reaction for the different
M-CAT materials in
Knoevenagel condensation and
Michael addition reactions
M Knoevenagel condensation Knoevenagel condensation Michael addition
MN ? BA ECA ? BA ECA ? MVK
X2h (%) X24h (%) X2h (%) X24h (%) X2h (%) X24h (%)
1 Mg 8 66 2 7 15 26
2 Ca 10 62 2 6 14 33
3 Sr 32 77 5 15 40 74
4 Ba 23 84 4 23 38 62
5 Ni 44 90 9 14 12 39
6 Cu 45 80 4 22 5 13
7 Zn 22 75 4 9 20 45
8 Blank 3 6 0 0 0 0
Reaction conditions: 1 mmol of each reactant; 2 ml of solvent, 343 K, 25 mg of M-CAT material
MN malononitrile, BA benzaldehyde, ECA ethyl cyanoacetate, MVK methyl vinyl ketone
Top Catal (2016) 59:1757–1764 1761
123
the semiquinonate linker molecules in the continuous layers.
Overall, a higher basicity of the Ba-CAT compared to the
Zn-CAT, despite the differences in surface areas, could
account for the similar reaction rates observed in these
reactions. The Sr-CAT however shows the best results due to
the combination of a high specific surface area and a rela-
tively low electronegativity of the associated cation.
To investigate whether similar activity trends could be
observed in other base catalyzed reactions, all M-CAT
materials were also applied in a third reaction, the Michael
addition of ethyl cyanoacetate to methyl vinyl ketone
(Table 2). Among the non-transition metal ions, a similar
activity trend emerges after 2 h of reaction, i.e.
Ca2? & Mg2?\Zn2?\Ba2? & Sr2?. After 24 h of
reaction, the differences between the catalysts are more
clear, with Mg2?\Ca2?\Zn2?\Ba2?\ Sr2?. The
overall catalytic activity of the materials can again be
ascribed to the combined effects of the surface area and the
electronegativity of the metal ions. The former relates to
the number of accessible active sites, whereas the latter
influences the strength of the individual sites.
The transition metal CATs, i.e. Ni- and Cu-CAT, show a
high catalytic activity in the Knoevenagel condensations
(entries 5 & 6 in Table 2), especially when taking into
account the low specific surface area of Cu-CAT. This
observation is in line with the findings on MOF-74-type
MOFs, where the Ni2dobdc and Cu2dobdc materials
showed higher catalytic activities for these reactions than
the Mg or Zn versions of this material (dobdc = 2,5-
dioxido-1,4-benzenedicarboxylate) [6]. Comparing the
catalytic activity of e.g. Ni2dobdc with that of Ni-CAT in
the reaction of BA ? MN, shows that after 2 h, Ni2dobdc
reached a little over 2 turnovers whereas close to 5 turn-
overs were recorded for Ni-CAT, based in both cases on
the total amount of Ni-sites. This could indicate that the
larger number of phenolate/catecholate oxygen atoms per
metal ion in the framework of the Ni-CAT material indeed
leads to a higher catalytic activity for the M-CAT materi-
als. In the Michael addition however, the catalytic activities
of Ni- and Cu-CAT are strikingly lower than those of
Ba- or Sr-CAT. No clear rationalization for this
phenomenon can be given. Possibly, it may arise from a
difference in reaction mechanisms between the Knoeve-
nagel condensation and Michael addition reactions, which
leads to differences in rates between the transition- and
non-transition metal ion CATs for the different reactions.
3.3 Catalyst Heterogeneity and Reusability
The catalyst heterogeneity was investigated using hot fil-
tration tests for the Ni-, Sr- and Ba-CATs. The results of
these tests are summarized in Fig. 4. After removal of the
catalyst, the reaction rate drops to that of the blank reac-
tion, confirming the heterogeneous nature of the catalyst.
Furthermore, reuse of the Ba-CAT in three consecutive
runs shows that the materials can be readily recycled
(Fig. 5) and PXRD measurements before and after reaction
(Fig. 6) show that the materials are stable under reaction
conditions.
Table 3 Absolute and
Sanderson electronegativities of
the different metal ions [12–14]
and partial charges on the
catecholate oxygen atoms
calculated form the Sanderson
electronegativities [15]
M Absolute Sanderson Partial charge of catecholate O
electronegativity (eV) Electronegativity Discrete layer Continuous layer
1 Mg2? 47.59 0.683 -0.38 -0.33
2 Ca2? 31.39 0.721 -0.37 -0.32
3 Sr2? 27.30 0.946 -0.35 -0.31
4 Ba2? 23.76 1.318 -0.33 -0.30
5 Ni2? 26.67 1.940 -0.30 -0.28
6 Cu2? 28.56 1.980 -0.29 -0.28
7 Zn2? 28.84 2.223 -0.28 -0.27
Fig. 4 Hot filtration experiments for the Knoevenagel condensation
of malononitrile and benzaldehyde catalyzed by Ni-, Sr- and Ba-CAT.
Filtration after 2 h
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4 Conclusion
N-functionalized linker molecules are widely accepted as
building blocks for the incorporation of basic sites in
metal–organic frameworks. The limited basicity of such
groups may however restrict the widespread applicability
of these materials as catalysts. In line with the known base
catalytic activity of metal-dioxidoterephthalate MOFs of
the CPO-27 type, the catalytic activity of metal catecholate
frameworks in Knoevenagel condensation and Michael
addition reactions confirms that deprotonated hydroxyl
groups form an alternative structural motive that introduces
potent basic sites in MOFs.
The synthesis of alkaline earth metal variants of these
M-CAT materials furthermore showed that the catalytic
activity of the materials, with a large number of basic sites,
is highly tunable. Two major parameters control the overall
catalytic activity of the materials: the specific surface area
of the materials relates to the number of active sites, and
the electronegativity of the metal ion determines the
strength of the individual sites.
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